in a given population, between crystal populations within the same sample, and between crystals in lavas erupted from different vents during the same eruption. Comparison to whole-rock or groundmass data shows that the majority of macroscopic crystals are not in trace-element or oxygen isotope equilibrium with their host liquids. The most likely explanation for these data is that the macroscopic crystals originated within a highly heterogeneous crystal mush in the shallow magma reservoir system. U-series and diffusion data indicate that the crystals (and therefore the mush) formed recently (likely within a few thousand years of eruption, and with a maximum age of 8-9 ka), and that the crystals resided in their host magma prior to eruption for decades to a few centuries at most. These data, in conjunction with other recent studies, suggest a model where erupted Icelandic magmas are the result of diverse magmas entering the crust, followed by complex interactions between melts and previously crystallized material at all crustal levels.
Introduction
Processes acting within crustal magma reservoirs affect both the physical state and the chemical composition of magmas within them. For example, magma mixing or recycling of remnant material between sequential eruptions, and cycling between crystals in a mush and a largely liquid magma can affect both the chemical compositions of erupted magmas and the compositions of unerupted portions of the reservoir (e.g., Cashman and Blundy 2013) , which then can interact with subsequent batches of magma and/or freeze to produce plutonic rocks. Injection of recharge magmas into extant reservoirs adds both heat and mass to the system, and can trigger mixing of injected with resident magma (Burgisser and Bergantz 2011; Clynne 1999; Eichelberger 1978) , extraction of melt from a largely crystalline part of the reservoir, and potentially eruptions (Druitt et al. 2012; Kent et al. 2010) . Conversely, eruptions remove both mass and heat from the system, and the balance of eruption and injection largely controls whether a magma body will grow or stall and freeze (e.g., Degruyter and Huber 2014) . Thus, understanding the history of magma mixing and recycling of previously crystallized material within a magma reservoir is an important component to understanding magma reservoir dynamics and chemical evolution.
Much of the history of magma bodies is obscured in the melt phase due to the relative efficiency of mixing and the averaging of composition between multiple injections of magma. However, crystals contained within volcanic rocks can preserve a unique record of processes such as magma mixing, crystallization, and storage. Many instances of complex crystal cargoes in volcanic rocks have been documented, where features such as major-or trace-element zoning in crystals, isotopic contrasts between crystals and liquids, protracted crystallization ages of crystals, and disequilibrium textures provide strong evidence for differing histories of different mineral and melt phases within a magma (e.g., Bindeman et al. 2006 Bindeman et al. , 2012 Blundy and Cashman 2008; Cashman and Blundy 2013; Cooper and Kent 2014; Cooper and Reid 2008; Costa et al. 2008 Costa et al. , 2013 Davidson et al. 2005; Garrison et al. 2012; Kilgour et al. 2013; Marsh 1998; Pyle et al. 1988; Schmitt 2011; Sims et al. 2007 Sims et al. , 2013b Turner et al. 2003; Zellmer et al. 2011 ). This evidence, most frequently documented in the case of arc volcanoes, points to processes such as mixing of multiple phyric magmas, interaction of liquids with resident crystal mush zones, or recycling of remnant material from previous eruptions that are important in producing the spectrum of erupted compositions from a given volcano. Evidence for such complex interactions between crystals, magma mush, and melt is less obvious in oceanic island or mid-ocean ridge settings, where there is often more limited compositional contrast between erupted magmas, but other studies have also suggested such recycling in mid-ocean ridges (Costa et al. 2010; Feineman and DePaolo 2003; Saal and Van Orman 2004; Van Orman et al. 2006; Zellmer et al. 2011) , Hawaii (Clague 1987; Helz 1987; Wright 1973) , and Iceland. In the case of Iceland, recent work has documented abundant (albeit sometimes subtle) evidence for recycling of crystalline material within the magma reservoir, including diverse oxygen isotopic compositions of crystals (Bindeman et al. 2006 (Bindeman et al. , 2012 , whole-rock majorand trace-element compositional diversity within a given eruption (Passmore et al. 2012) , plagioclase and melt inclusion compositions (Neave et al. 2013) , olivine compositional diversity (Thomson and Maclennan 2013) , textural evidence, such as crystal size distributions (CSDs) for multiple magmatic components (Higgins and Roberge 2007) , and xenolith compositions related to crystal cargoes (Gurenko and Sobolev 2006) .
In addition to identifying the processes that have contributed to the compositional evolution of a given magma body, one of the main challenges to understanding the dynamics of magma reservoir processes is quantifying the timescales of processes such as crystal storage within a mush, and timescales of mixing and storage of mixed magmas prior to eruptions. Timescales are important because placing compositional data within a temporal framework allows consideration of links between mixing and eruption, remobilization of mush, and the timescales of storage of eruptible magmas. In this contribution, we use combined U-series data, trace-element data, textural information, and oxygen isotope data for minerals and host magma for samples from the Krafla Fires eruption (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) in Iceland in order to identify distinct crystal populations and to constrain the timescales of crystal storage and recycling.
Background
Measurements of Uranium-series disequilibria have been applied to understanding melt generation and storage in Iceland for decades (Bindeman et al. 2006 (Bindeman et al. , 2012 Condomines et al. 1981; Hemond et al. 1988b; Kokfelt et al. 2003 Kokfelt et al. , 2009 Nicholson et al. 1991; Sigmarsson 1996; Sigmarsson et al. 1992a, b; Sigmarsson et al. 1991; Sims et al. 2013a; Zellmer et al. 2008 ). Most of the early studies focused on combining 238 U-230 Th disequilibria with measurements of other isotopic systems (O, Sr, Nd, Pb) in order to examine the role of crustal contamination or assimilation versus fractional crystallization in producing evolved magmas at Iceland, and the role of contamination versus mantle heterogeneities in producing the compositional spectrum in Icelandic basalts (Condomines et al. 1981; Hemond et al. 1988b; Nicholson et al. 1991; Sigmarsson et al. 1991 Sigmarsson et al. , 1992a . Most of these studies concluded that fractional crystallization alone is insufficient to explain the variations in melt composition, but that some combinations of crustal contamination/assimilation and mantle heterogeneity are both consistent with the data-although an exception is the study of Kokfelt et al. (2009) , which concluded that fractional crystallization alone could adequately explain Sr-Nd-Pb compositions and U-Th-Pa-Ra disequilibria in a suite of lavas from the Snaefellsjökull central volcano. Studies of the influence of crustal material on magma compositions are greatly aided in Iceland by its high latitude and therefore low δ 18 O of meteoric waters, which leads to very low δ 18 O in hydrothermally altered crustal rocks (e.g., Bindeman et al. 2006; Nicholson et al. 1991) .
Those studies that have used U-series data to constrain timescales of magma storage (sometimes in conjunction with diffusion data) have generally concluded that storage times are short-decades to at most millennia (Bindeman et al. 2006 (Bindeman et al. , 2012 Sigmarsson 1996; Zellmer et al. 2008) . Of these studies, only two have measured ages of crystals, in one case ages of major phases (Zellmer et al. 2008 ) and in another case zircon (Carley et al. 2011) , with the result that major phases appear to be young (less than a few kyr, Zellmer et al. (2008) ; also see discussion in Cooper (2009) and Rubin and Zellmer (2009) ), whereas zircon in general is older (mostly tens of kyr, Carley et al. (2011) ). When coupled with δ 18 O measurements, the zircon ages and compositions suggest that zircon crystals originate from preexisting hydrothermally altered material in the crust which resides as a crystal mush or cumulate (Bindeman et al. 2012; Carley et al. 2011) . Measurements of δ 18 O in crystals of major phases also suggest an origin through assimilation of preexisting material (Bindeman et al. 2006) , although these authors favored a model of assimilation of hyaloclastite rather than crystal mush or cumulate. Prior to this study, no work had been done directly combining U-series ages of major phases with δ 18 O of the same phases in order to assess the age and origin of the crystals.
We present results for samples erupted during the 1975-1984 Krafla Fires eruption. This was the most recent eruption at Krafla, which began in December 1975 and lasted until September 1984 (Saemundsson 1991; Thordarson and Larsen 2007) . The magmatic event occurred as a series of rifting events generally accompanied by fissure eruptions, with most of the volume of lava erupted in the latter half of the eruption (1980 -1984 Saemundsson (1991) , Thordarson and Larsen (2007) ). Maps of the evolution of the flow field document which lobes were active at various stages of the eruption, providing a guide to sampling locations corresponding to specific eruptive intervals (Saemundsson 1991) . The eruptive fissures crossed the boundary of Krafla caldera, and the composition of the erupted magmas varied systematically with location, with quartz tholeiites (relatively low MgO) erupted within the caldera, and olivine tholeiites (relatively high MgO) erupted to the north of the caldera . These distinctions are consistent in all of the eruptive episodes where the fissure crossed the caldera boundary, and the two types of magmas also show distinctions in Pb, Nd, Hf, and Sr isotopic compositions, indicating that different batches of magma were tapped within and outside of the caldera ).
Samples and methods

Samples and preparation of mineral separates
We present results for five samples of basalt erupted during the 1975-1984 Krafla Fires eruption (Fig. 1) that were collected on a field campaign in 2003 by KM Cooper and KWW Sims. These include two quartz tholeiites from the southern part of the Krafla Fires flow field (03KRA01 and 03KRA02) and three olivine tholeiites from the northern part of the flow field (03KRA03, 03KRA04, and 03KRA05). Eruption dates (inferred from location based latitude and longitude of sample localities are included in  Supplementary Table S1, along with major-and trace-element analyses of whole rock and groundmass (see Results) . Of these, we chose two samples (03KRA01 and 03KRA03) for detailed analysis, including U-series analyses of plagioclase separates, oxygen isotope analyses of plagioclase separates, and trace-element compositions of plagioclase by laser ablation ICP-MS. These represent samples of the two different lava types (olivine tholeiite vs. quartz tholeiite) and were erupted only a few months apart (November 1981-03KRA01, January-February 1981-03KRA03), therefore allowing comparison of essentially coeval samples of different magma types erupting from different parts of the vent system. For these samples, the rocks were coarsely crushed (to ~1 cm), and fragments which appeared altered or oxidized were removed by handpicking under a binocular microscope. Clean fragments were rinsed in deionized water, dried, crushed further, and sieved. Plagioclase separates were prepared using standard magnetic and density methods. Plagioclase was originally sieved into four size fractions: 63-125, 125-250, 250-500, and 500-1000 μm, and splits of each size fraction were taken for oxygen isotope analysis and for U-series analysis (although some fractions were combined during bulk analysis for U-series elements in order to obtain enough sample for analysis; see below). Groundmass separates were prepared by handpicking fragments of macroscopic minerals from crushed whole-rock samples.
Major-and trace-element analyses
Small splits of whole-rock, groundmass, and bulk plagioclase separates were taken from the separates prepared for U-series and oxygen isotope analysis and were prepared for trace-element analysis separately from the splits used for U-series analysis. Dissolution procedures for the traceelement splits (including whole rock, groundmass, and plagioclase) followed procedures described in detail in Kelley et al. (2003) , and avoided HCl and HCLO 4 which minimized interferences and aided in keeping Nb and Ta in solution. Trace-element analysis of dissolved splits of whole-rock, groundmass, and bulk plagioclase separates was conducted using ICP-MS at Boston University. Additional splits of whole-rock and groundmass samples were prepared for major-element analyses using LiBO 2 flux fusions and were analyzed by ICP-AES at Boston University. Analytical procedures for ICP-MS and ICP-AES followed those described in detail in Kelley et al. (2003) .
Trace-element analyses of plagioclase in situ were conducted by LA-ICP-MS at UC Davis and Oregon State University on thin sections and thick sections. Plagioclase LA-ICP-MS analyses were performed on an Agilent Stelten and Cooper (2012) , using a 40-μm spot, 75 % power, and 10 Hz. USGS BHVO-2g was used as a calibration standard and was analyzed five times before and after analyses of each sample slide. USGS standard BCR-2g was used as a check standard, and agreement between measured and accepted values ranged from 1 to 5 % for all elements except Pb (7 %). In particular, Ba concentrations of BCR-2g were within 1 % of the accepted value. The agreement between measured and accepted values for the check standard provides the best estimate of accuracy and uncertainty of the traceelement measurements for unknowns. Analyses at Oregon State University were conducted using procedures outlined in Kent et al. (2007) . External errors based on multiple analyses of a given sample in the same laboratory during this time were typically <5 % for most elements such as Sc, Ti, V, Cr, Mn, Co, Ni, Rb, Sr, Y, Zr, Nb, LREE, and Er; <10 % for Dy, Gd, Yb, Hf, Ta, and Pb; and <15 % for U and Th (at 2σ). In this analytical session, external errors for Ba were <6 % (2σ).
Oxygen isotope analyses
Small splits of each bulk plagioclase separate were taken from the same bulk separates used for U-series analysis (see below). Aliquots of 1-2 mg each were analyzed by laser fluorination at the California Institute of Technology using a 50-W CO 2 laser, BrF 5 reagent, and an apparatus for gas purification and conversion of O 2 to CO 2 based on designs by Sharp (1990) and Valley et al. (1995) . Oxygen yields were 13.5 ± 1.0 μmol/mg, typical of yields for laser fluorination measurements of fresh glasses (e.g., Cooper et al. 2004; Eiler et al. 2000) . Measurements of δ 18 O were taken on two separate days. On each day, five to seven analyses of garnet standard UWG-2 (Valley et al. 1995) were made; reproducibility for repeat measurements of each standard on a given day was 0.02 ‰ on one day and 0.05 ‰ on the other day (1σ). The mean δ
18 O values for the standard were within ~0.27 ‰ of the nominal value on one day and were within 0.01 ‰ of the nominal value on the other day, based on previous analyses. All data on unknowns collected on a given day were corrected by a constant value equal to the average difference between measured and accepted (5.75 ‰ for UWG-2) values for the standard measured on that day. Unknown samples were analyzed two to five times on the same day, with an average standard deviation of multiple analyses of the same sample Page 5 of 19 54 of ±0.13 ‰ (1σ), significantly larger than the reproducibility for the standard. Where aliquots of samples were analyzed on separate days, their averages for each day agreed within 0.4 ‰. This likely reflects sample heterogeneity; in similar studies from the same laboratory where aliquots of the same sample were analyzed on multiple days (e.g., Cooper et al. 2004; Eiler et al. 2000) , reproducibility of replicate analyses was similar to the reproducibility of the standards in this study.
Oxygen isotopic compositions of whole-rock samples were determined in the Laboratory for Stable Isotope Science at the University of Western Ontario and are reported in δ-notation relative to VSMOW (Coplen 1996) . Oxygen was liberated from silicates by overnight reaction with ClF 3 at 550 °C in sealed Ni reaction vessels, following the method of Clayton and Mayeda (1963) , as modified by Borthwick and Harmon (1982) . The released oxygen was converted to CO 2 over a red-hot carbon rod and its oxygen isotopic composition measured using a dual-inlet DeltaPlus XL stable isotope ratio mass spectrometer. The δ
18
O values of an internal laboratory standard quartz, NBS-30 (biotite), and NBS-28 (quartz) were +11.6 ± 0.2, +5.1 ± 0.1, and +9.6 ± 0.2 ‰, respectively, which compares well with their accepted values of +11.5, +5.1, and +9.6 ‰. Reported compositions for unknowns were not normalized to a standard. Sample reproducibility was generally better than ±0.2 ‰.
Uranium-series analyses
Whole-rock splits and bulk plagioclase separates were analyzed for U-series concentrations and isotopic compositions at Woods Hole Oceanographic Institute. Dissolution of separates was conducted at University of Washington using HF-HNO 3 microwave digestion procedures as described in Cooper and Donnelly (2008) . U, Th, and Ra concentrations were measured by isotope dilution ICP-MS (ThermoFisher Element), and Th isotopic compositions were measured using a ThermoFinnigan Neptune multicollector ICP-MS, following procedures described in detail elsewhere (Ball et al. 2008; Sims et al. 2008a, b) . Reproducibility using these techniques is better than 1 % (2σ) for U and Th concentration measurements and isotopic compositions. Accuracy of Ra concentration measurements for wholerock analyses was limited by the precision of the NIST 4967 226 Ra standard used for calibrating the spike (1.2 % 2σ). Because of the small sample sizes, internal precision of Ra measurements for plagioclase separates ranged from 0.25 to 2.9 % (2σ). When propagated with the uncertainty on calibration of the 228 Ra tracer solution (1.6 % (2σ), which includes spike calibration measurement uncertainties and an uncertainty of 1.2 % (2σ) on the concentration of 226 Ra in the NIST SRM-4967 solution used to calibrate the tracer solution), this results in an overall uncertainty on Ra concentration measurements of 1.6-4.2 % (2σ), as reported in Table 2 . Decay constants used in calculating activities are as follows: λ 232 = 4.9475 × 10 −11 year −1 (Holden 1990) , λ 230 = 9.1706 × 10 −6 year −1 (Cheng et al. 2013) , λ 238 = 1.5513 × 10 −10 year −1 (Jaffey et al. 1971) , and λ 226 = 4.332 × 10 −4 year −1 (Holden 1990) .
Results
Textural observations and feldspar populations
Both samples studied in detail (03KRA03 and 03KRA01) contain olivine and plagioclase as phenocryst (i.e., macroscopically visible) phases, and 03KRA01 also contains phenocrystic clinopyroxene. We focused our textural observations on plagioclase in order to provide a context for interpreting the trace-element, oxygen isotope, and U-series results for plagioclase. Textural observations in thin-section and BSE images document multiple plagioclase populations in each of the two samples; these textural distinctions are supported by compositional variations between populations as discussed in subsequent sections.
The largest feldspar population in sample 03KRA01 (Population 01-1) consists of blocky crystals, up to several mm in length by ~100-400 μm wide, often present in clusters with other plagioclase crystals (but not other phases). Population 01-1 plagioclase crystals show complex internal zoning, evident in thin-section and in backscattered electron images ( Fig. 2a-c) . Clusters of grains show rounding and resorption features that cut across grain boundaries, indicating that the clusters formed prior to resorption ( Fig. 2a-c) . The zoning evident in BSE suggests that these crystals have a wide compositional variation, which is supported by electron microprobe and LA-ICP-MS analyses (see below). A second plagioclase population in sample 03KRA01 (Population 01-2) is present as large, elongate crystals, 2-4 mm long by 300-500 μm wide (Fig. 2d) . Unlike Population 01-1, these crystals are typically isolated rather than forming clusters. They contain abundant inclusions (primarily melt) and also show evidence for resorption. Groundmass plagioclase grains are present as laths ~100 × 15-20 μm.
Sample 03KRA03 also contains two phenocrystic feldspar populations. Population 03-1 consists of large blocky crystals mostly 200-500 μm long but occasionally up to several mm in length that often are located in clusters (Fig. 2e) . As with Population 01-1, there is evidence for resorption that crosscuts grain boundaries within the cluster, indicating that resorption occurred after the cluster was formed. A second population of plagioclase is present (Population 03-2), primarily as elongated, isolated crystals, some very large (~200-700 μm long by 75-475 μm wide) (Fig. 2f ), but occasionally occurring in radial clusters with plagioclase and other phases. Some Population 03-2 crystals show complex internal zoning including apparent dissolution surfaces (Fig. 2f) . Groundmass plagioclase crystals are present as laths on order of 50-100 μm long by 10-30 μm wide. from Population 03-1. Note that resorption surface crosscuts grain boundaries. f SEM image of grain from Population 03-2 showing complex internal zoning (including resorbed core). Note that SEM images (a, d, e, f) predate laser ablation analyses, such that laser pits are not visible in these images. Note that brightness and contrast in some SEM images have been adjusted from the originals in order to better highlight zoning
Major-and trace-element data
Whole-rock analyses
Whole-rock and groundmass major-and trace-element data are presented in Supplementary Table S1 . Samples 03KRA01 and 03KRA02 are moderately evolved quartz tholeiites (SiO 2 49.7-50.5 wt%; MgO 5.80-5.86 wt%). 03KRA01 groundmass has slightly higher MgO and lower SiO 2 than the whole rock (5.99 and 49.75 wt%, respectively), consistent with feldspar being the dominant phenocryst phase. Samples 03KRA03, 03KRA04, and 03KRA05 are somewhat more primitive olivine basalts (SiO 2 = 48.8-49.3 wt%; MgO 7.25-7.55 wt%). Rare-earth element data are presented in Fig. 3 . All samples studied here show smooth, LREE-enriched patterns that fall within the field of Krafla basalts (downloaded from the GeoRoc database on 9/23/2014; see caption to Fig. 3 for references). The quartz tholeiite samples have higher REE concentrations than do the olivine basalts, consistent with their more evolved major-element compositions. Similarly, groundmass for sample 03KRA01 has slightly higher REE concentrations than the whole rock, consistent with the removal of trace-element depleted phenocryst phases (plagioclase, pyroxene, and olivine) from the groundmass separate.
Plagioclase major-and trace-element analyses
Major-element compositions were analyzed in situ in thin section by electron microprobe. Individual analyses of plagioclase major-element composition range from ~An 50 to An 80 in sample 03KRA01, and ~An 60 to An 90 in sample 03KRA03 (Fig. 4, Supplementary Table 2 ). The most albitic plagioclase is present in Population 01-2 (~An 50 ), distinct from other plagioclase populations in the two samples. There is significant compositional overlap between Populations 01-1 and 03-2 (between An 60 and An 80 ), but Population 03-1 has higher An (~An 80 ) and Population 01-2 has lower An (~An 50 ). Groundmass plagioclase crystals in sample 03KRA03 yielded compositions of ~An 70 (Supplementary Table S2 ). No groundmass crystals were analyzed in sample 03KRA01.
Plagioclase trace-element compositions were analyzed both in the bulk separates (splits of the dissolved separates used for U-series analyses) and in situ by LA-ICP-MS. All analyses of plagioclase have lower concentrations of rare-earth elements than do the corresponding groundmass or whole-rock analyses (with the exception of Eu in one plagioclase population; Fig. 3 ), as expected based on the strongly incompatible nature of all rare-earth elements but Eu in feldspar and the relative compatibility of Eu (e.g., Bindeman and Davis (2000) ). Data for the bulk mineral separates show that the large size fraction of plagioclase from 03KRA03 has significantly lower concentrations of rare-earth elements than does the small size fraction, and Condomines et al. 1983; Condomines et al. 1981; David et al. 2000; Fitton et al. 2003; Grönvold and Mäkipää 1978; Hemond et al. 1993; Kempton et al. 2000; Kokfelt et al. 2003; Kokfelt et al. 2009; Koornneef et al. 2012a; Koornneef et al. 2012b; Kurz et al. 1985; Maclennan et al. 2001; Martin and Sigmarsson 2010; Nichols et al. 2002; Nicholson et al. 1991; Nicholson and Latin 1992; Sigvaldason and Oskarsson 1986; Slater et al. 2001; Stracke et al. 2003a; Stracke et al. 2003b; Sveinbjornsdottir et al. 1986; Tera et al. 1986; Thirlwall et al. 2004; Torssander 1988; White and Hochella 1992; Wood et al. 1979) the slope of the rare-earth element pattern is steeper for the large size fraction than the smaller size fraction (Fig. 3b) . Similarly, the slope of the rare-earth element pattern is shallower for the small size fraction of plagioclase than for the large size fraction from 03KRA01, although absolute concentrations are more similar to each other than for the two size fractions in sample 03KRA03, resulting in crossing rare-earth element patterns for sample 03KRA01 (Fig. 3b) . Laser ablation data for plagioclase are also shown in Fig. 3b , presented as averages of multiple individual analyses of crystals in the different populations. The heavy REE were below detection limits for the quadrupole laser ablation system, and thus are not shown on the diagram. However, comparison of LREE data for in situ and bulk analyses of plagioclase shows broad agreement of the laser and bulk separate data, considering the larger uncertainties in the laser ablation data. Other trace elements in plagioclase, which can be measured to higher precision (e.g., Ba, Fig. 4) , allow a more robust comparison of the trace-element composition of the different plagioclase populations. For example, the combined An-Ba data show that Population 01-2 is compositionally distinct from other populations (although it should be noted that only two of these large elongate crystals were present in the analyzed thin sections, so the full compositional range of this population may be greater than what is shown). There is broad overlap in the An content and Ba concentrations of Populations 01-1 and 03-2, but Population 03-2 extends to higher An than does Populations 01-1. Population 03-1 has the highest An of the populations. Compositional diversity is also evident at the scale of single crystals-data for two individual crystals from Population 01-1 are highlighted in Fig. 4 , showing significant compositional changes within individual crystals. Finally, the majority of analyses are not consistent with equilibrium crystallization from the host liquid at 1000-1200 °C, based on calculated and experimentally derived partition coefficients (Fig. 4) (Blundy and Wood 2003a, b; Fabbrizio et al. 2009 ). 
Oxygen isotope analyses
Oxygen isotope data for whole-rock samples and plagioclase separates are summarized in Table 1 (Nicholson et al. 1991) , although the other Krafla data do show a significant scatter. Multiple analyses (2-5) of small aliquots of plagioclase from three different size fractions of each sample are also shown in Fig. 5 . The different analyses of each size fraction scatter more broadly than can be explained by the reproducibility of the measurements (as assessed by replicate analyses of homogeneous samples at Caltech), with the exception of the three replicates of the 250-500 μm size fraction for 03KRA01, indicating oxygen isotope heterogeneity within the bulk separates for most of the size fractions. The average δ 18 O for each size fraction is different for plagioclase in 03KRA01 compared to the same size fraction in 03KRA03, although there is overlap between analyses of some of the individual aliquots. In addition, the data for 03KRA03 show a decrease in average δ 18 O with increasing size fraction, suggesting that, at least for 03KRA03, the larger size fractions dominantly sample a different plagioclase population than do the smaller size fractions. The same pattern is suggested by the averages for each size fraction for 03KRA01, although the standard deviation of the individual replicates for 03KRA01 is large enough that the averages of small and large size fractions are within two standard deviations of each other. Finally, none of the individual analyses are within the range expected for crystallization from their respective host liquids, assuming Δ plag-melt of 0-0.4 ‰ [following Eiler et al. 2005; Bindeman et al. 2006 ; calculated by combining Δ plag-olivine of ~0.6-1.1 ‰ for equilibrium between forsterite and An 50-100 plagioclase at temperatures of 1150-1350 °C and equilibrium Δ basalt melt-olivine of ~0.5 ‰ (Bindeman et al. 2006; Chiba et al. 1989; Eiler 2001; Eiler et al. 2005) ].
Uranium-series analyses
Uranium-series data for whole-rock, groundmass, and plagioclase separates are presented in Table 2 and Fig. 6 . Concentrations of U, Th, Ra, and Ba for whole rock and groundmass are within the range of data from previous U-series studies of Icelandic basalts (Condomines et al. 1981; Hemond et al. 1988a; Kokfelt et al. 2003 Kokfelt et al. , 2009 Koornneef et al. 2012a; Sigmarsson 1996; Sigmarsson et al. 1991 Sigmarsson et al. , 1992a Zellmer et al. 2008) . Concentrations of Th, U, and Ba in plagioclase separates for this study are somewhat higher than the plagioclase separate from Veidivötn (located in south-central Iceland) basalt T2 analyzed by Zellmer et al. (2008) (e.g., Th concentrations in plagioclase separates of 44-73 ppb in this study compared to 37 ppb for T2 plagioclase); a direct comparison of Ra data is not possible because no Ra data are available for that sample. In addition, concentrations of U and Th, in plagioclase separates from this study are higher than that predicted by plagioclase-melt partition coefficients (D U of ~6 × 10 −4 and D Th ~5.6 times D U ; Blundy and Wood (2003a) ). In addition, U/Th ratios of plagioclase are higher than predicted from partitioning behavior. These observations are most simply explained by the presence of small amounts of glass in the mineral separates (either as melt inclusions or adhering to the outsides of grains). The difference in measured and predicted U and Th concentrations is consistent with the presence of up to ~7 % glass in the bulk separates. Alternately, the high U and Th and U/Th in plagioclase compared to predictions could indicate that the plagioclase crystallized from melts with higher U and Th concentrations and U/Th ratios than the host liquid. These two explanations are not mutually exclusive.
( 230 Th)/( 238 U) ratios of whole rock in this study were 1.13 to 1.25, also similar to other Icelandic basalts and in particular to the Zellmer et al. (2008) 2008). All plagioclase separates analyzed in this study had ( 230 Th)/( 232 Th) within error of the whole rock. Taken at face value, the U-Th data for 03KRA01 and 03KRA03 yield three-point isochron ages of 3.0 +6.1/−6.0, and 2.0 +9.1/−8.5 kyr, respectively, assuming that the plagioclase crystallized from the host liquid (Fig. 6a) (ages calculated using IsoPlot v. 3.75, using the Monte Carlo error estimates; Ludwig (2001) ). The consequences on calculated ages of assuming a different melt composition are discussed below ("Timescale estimate" section).
( 226 Ra)/( 230 Th) ratios for whole-rock samples in this study were both 1.05 (Table 2 ; Fig. 6b ), again similar to previous results for Icelandic basalts (Bindeman et al. 2006; Kokfelt et al. 2003 Kokfelt et al. , 2009 Sigmarsson 1996; Zellmer et al. 2008) . Analyses of plagioclase show higher 226 Ra excesses than whole rocks (( 226 Ra)/( 230 Th) of 1.08-1.98), qualitatively consistent with the pattern expected from young crystals based on theoretical and experimental studies of partitioning behavior of Ra (Blundy and Wood 2003a; Fabbrizio et al. 2009 ). However, Ra concentrations and Ra/ Ba ratios in plagioclase are higher than predicted based on partitioning if the plagioclase crystallized from the host melt (Blundy and Wood 2003a; Fabbrizio et al. 2009 ). The implications of this result (including the implications for 230 Ra age calculations) are discussed below.
Discussion
Chemical and isotopic heterogeneity in plagioclase crystal populations
A first-order interpretation emerging from the trace-element and oxygen isotope data is that each sample of Krafla basalt studied here contains at least two chemically distinct populations of macroscopic crystals that are not in chemical or isotopic equilibrium with their host liquids. Furthermore, the crystal populations in the two samples are distinct from each other, despite being erupted essentially coevally from vents spaced within ~10 km of each other. This conclusion is robust despite some ambiguity about comparing the different types of data (e.g., comparing groups based on textures to groups based on size fraction of mineral separates). For example, the textural populations can be related directly to the in situ trace-element analyses, allowing comparison of the trace-element characteristics of each textural population. However, the multiple size fractions analyzed for oxygen isotope and U-series data do not correspond directly to the textural populations, considering that there is overlap between crystal sizes between the populations, and because due to crushing and preparation of mineral separates, some fragments of the larger crystals will be incorporated into the smaller size fractions. A diagram comparing the size fractions of separates analyzed for U-series and oxygen isotope analyses to the crystal sizes analyzed in situ is shown in Fig. 7 . As is evident from Fig. 7 O and U-series data with crystal size can be related to the general textural observations, and can be compared between the two samples.
For example, the diversity in δ 18 O for the different size fractions in each sample indicates that there must be some oxygen isotope heterogeneity within the crystals in each case. The long dimension of some of the crystals in each Thick bars show range of sizes of individual grain lengths (black) and widths (gray) for crystals analyzed for trace elements by laser ablation ICP-MS; circles show mean sizes of analyzed crystals (mean not shown for Population 01-2 because of small sample size) of the four textural populations defined here is greater than 250 μm, which means that even the largest size fraction analyzed for oxygen isotopes could have sampled both of the macroscopic textural crystal populations for each of the size fractions. However, the largest size fraction analyzed for δ 18 O is likely to be dominated by the largest textural population. In that case, the difference in average δ 18 O of the largest and smallest size fractions for 03KRA03 likely indicates a difference in average δ 18 O of plagioclase Populations 03-1 and 03-2. Similarly, the difference in ( 226 Ra)/( 230 Th) for the two size fractions of plagioclase in 03KRA03 also likely indicates a difference in the U-series characteristics of Populations 03-1 and 03-2 (such a comparison is not possible for 03KRA01 as the radium analysis of the large size fraction failed due to small sample size). Nevertheless, even if there was a sampling bias during crushing such that the size fractions have little to no correspondence with the textural populations, the observation of oxygen isotope and U-series heterogeneity between size fractions must indicate that there is isotopic heterogeneity within the crystals at a spatial scale smaller than that of the analyzed aliquots. In the case of the oxygen isotope analyses, the aliquot size was 1-2 mg, corresponding to a few crystal fragments in the largest (>500 μm) size fraction analyzed. Furthermore, the differences in oxygen isotope and U-series data between the two samples also indicate a larger spatial scale of compositional heterogeneity, where the crystals sampled by different parts of the fissure at essentially the same time were distinct from each other.
Trace-element heterogeneity is also apparent at a variety of scales. For example, the solution REE data show differences between size fractions within a given sample and between the two samples (Fig. 3) . The laser ablation REE analyses can be related more directly to the textural populations than can the oxygen isotope data; for example, average REE data show some differences between the different textural populations (Fig. 3) . The in situ Ba analyses of plagioclase most clearly show heterogeneity at a variety of scales: between the different crystal populations (e.g., Population 03-1 vs. 03-2), within a given population (i.e., a significant spread in Ba concentration and An compared to analytical uncertainty within each crystal population), and within single crystals (Fig. 4) .
The relationship of crystals to host liquids can also be assessed using these data. For example, our oxygen isotope data show that none of the analyzed crystal populations are in isotopic equilibrium with the host liquid (assuming plagioclase-liquid oxygen isotope fractionation of 0-0.4 ‰ as described above; Fig. 5 ). This is supported by the fact that the majority of Ba concentrations measured in situ are not in chemical equilibrium with the host liquid (Fig. 4) (Fig. 8) . Furthermore, the high ( 226 Ra)/[Ba] cannot be explained by anomalously low Ba concentrations. Instead, based on calculated and experimentally derived partition coefficients (Blundy and Wood 2003a; Fabbrizio et al. 2009 ), Ba concentrations are equal to or higher than predicted for a given An content at 1000-1200 °C (see Fig. 4 and supplementary Table 5 ), and Ra concentrations are much higher than expected [e.g., Ra concentrations are a factor of ~2-10 higher than expected for equilibrium crystallization, assuming An 60-80 plagioclase at temperatures of 1000-1200 °C and using published partition coefficients (Blundy and Wood 2003a; Fabbrizio et al. 2009)] .
Nature of the source of plagioclase crystals
The implication of the preceding observations is that the macroscopic crystals present in each of these Krafla samples did not crystallize from their host liquids and instead represent crystals entrained during transport of the magma to the surface. Textural observations of dissolution surfaces crosscutting crystal margins in clusters support this interpretation (Fig. 2) . The origin of the macroscopic crystals is difficult to define in detail. However, the isotopic and traceelement evidence can provide some additional insights into the nature of the source of the plagioclase in these samples. First, the chemical and isotopic heterogeneity within the plagioclase populations (and between plagioclase populations) that is evident in all of the different types of analyses presented here indicates that the crystals were derived from a chemically heterogeneous source region, and that the composition of that heterogeneous source changed from north to south along the eruptive fissure. Second, the low δ 18 O of plagioclase compared to equilibrium with the host liquid suggests that the source of plagioclase either had experienced hydrothermal alteration after plagioclase crystallization, or had assimilated hydrothermally altered material into the source melt prior to plagioclase crystallization. Third, the relatively high trace-element concentrations in plagioclase (e.g., Ba) compared to equilibrium with the host liquid suggests that the liquid from which the plagioclase crystallized was more chemically evolved than the host liquid. And finally, the observation of significant Th disequilibria in all of the analyzed plagioclase separates suggests that they crystallized recently (within the past ~10 kyr).
Considered collectively, these observations point to a heterogeneous crystal mush as the most likely source of the plagioclase crystals in the samples studied here. A model where the ascending host liquid entrained crystals from different regions of a heterogeneous crystal mush is consistent with the wide compositional diversity within plagioclase, and with the textural observations indicating that some crystals were incorporated as coherent clusters that subsequently experienced resorption along the edges of the crystal clusters. This model is also consistent with previous observations of oxygen isotope heterogeneity within crystals at Laki (Bindeman et al. 2006) , and numerous studies documenting the importance of mush in producing compositional variation in Icelandic lavas (Carley et al. 2011; Gurenko and Sobolev 2006; Maclennan et al. 2003; Neave et al. 2013; Passmore et al. 2012; Thomson and Maclennan 2013) .
Timescale estimates
Our data thus support previous models where most of the macroscopic crystals in Icelandic lavas were incorporated into the host liquid from a crystal mush during transport through the crust (Gurenko and Sobolev 2006; Hansen and Gronvold 2000; Neave et al. 2014; Passmore et al. 2012; Thomson and Maclennan 2013) . A novel aspect of this study, however, is that we can use the combination of U-series data and the timescales of diffusive equilibration of oxygen isotope and trace-element compositions to constrain the timescales of crystallization of plagioclase, storage of crystals within the crystal mush, and storage/ascent of the magma after incorporation of crystals into the host liquids. A conceptually similar approach was taken by Bindeman et al. (2006) , who interpreted oxygen isotope mineral data together with whole-rock U-series disequilibria in terms of the timescales of magma storage during crystallization and assimilation in a shallow reservoir. Our mush model of the origin of the plagioclase crystals is somewhat different (although Bindeman et al. (2006) did interpret some crystals with extreme δ 18 O as derived from cumulates within the reservoir). Furthermore, we can provide additional constraints on timescales beyond that offered by Bindeman et al. (2006) by considering U-series disequilibria measured within the plagioclase crystals themselves, which allows us to also (albeit broadly) constrain the duration of storage of the crystals within the mush.
U-series crystallization ages for plagioclase measured in this study are difficult to quantify precisely because the host liquid cannot be presumed to represent the exact composition of the melt(s) from which the plagioclase crystallized. However, some constraints can be obtained from the U-series data by comparison of the measured U-series data for plagioclase to those in Icelandic lavas, broadly considered. ( 230 Th)/( 232 Th) in most Icelandic lavas previously measured range from ~0.96 to 1.19, with higher activity ratios associated with basaltic compositions and lower activity ratios associated with dacites and rhyolites (Condomines et al. 1981; Hemond et al. 1988a ; (Fabbrizio et al. 2009 ; F) Ra and Ba partition coefficients for a range of temperatures and plagioclase compositions; see Cooper et al. (2001) for details of the method. Measured plagioclase compositions were first corrected for the presence of a small amount of glass in the bulk plagioclase separates (5 % in small plagioclase fraction from 03KRA01 and the large size fraction from 03KRA03, and 7 % in the small size fraction from 03KRA03), consistent with the maximum amount of glass possible based on mass balance of U, Th, and Ba. Assuming less glass in the bulk separates has the effect of making ( 226 Ra)/[Ba] in the melt in equilibrium with plagioclase higher than what is shown. Curves for melt in equilibrium with plagioclase do not intersect the whole-rock curves (proxies for the erupted melt composition), indicating that the plagioclase separates were never in equilibrium with the host melt 1 3 54 Page 14 of 19 Kokfelt et al. 2003; Koornneef et al. 2012a; Sigmarsson 1996; Sigmarsson et al. 1991 Sigmarsson et al. , 1992a Zellmer et al. 2008 (Kokfelt et al. 2003) . Krafla lavas measured previously have activity ratios similar to those reported here. Therefore, the plagioclase whole-rock 238 U-230 Th isochron ages of 3.0 +6.1/−6.0 and 2.0 +9.1/−8.5 kyr for the samples studied here, which assume crystallization of plagioclase from liquids with ( 230 Th)/( 232 Th) equal to that of the host lavas, are likely to be close to the true crystallization age. If the liquid from which the plagioclase crystallized had lower ( 230 Th)/( 232 Th) than the host melt, the true ages would be younger than the ages calculated above. However, the calculated ages above are already within error of zero age, and therefore (1), the minimum age of crystallization of the plagioclase is within error of eruption, and (2) Th disequilibria will decay to secular equilibrium within ~8-10 kyr (depending on the magnitude of the initial disequilibrium), at least some parts of the crystals in the measured bulk separates must have crystallized recently. Thus, the U-series results taken together indicate a maximum (average) age of ~8-9 kyr for the plagioclase crystals scavenged from the mush and therefore a relatively short time frame for generation and storage of the crystal mush beneath Krafla. The U-Th age uncertainties are also consistent with much younger ages (within error of eruption age), which would imply even shorter timescales of storage of crystal mush. In fact, because ( 226 Ra)/( 230 Th) measured in plagioclase is significantly higher than zero-age crystallization from the host liquid, it is likely that crystallization ages were much younger, and likely substantially less than one half-life of 226 Ra.
The time frame between entrainment of the plagioclase in the host magma and eruption can also be constrained from our data. Diffusion at magmatic temperatures will act to equilibrate oxygen isotope compositions and trace-element concentrations between zones within crystals. Using experimentally determined diffusion rates, we can constrain the amount of time that any mush-derived crystals could have spent in the host liquid prior to eruption while still preserving the observed chemical and isotopic disequilibrium within the mineral separates and between the mineral separates and the host liquid. These maximum diffusion times therefore constrain the duration of storage of the erupted magma beneath the surface after interaction with the mush. We model diffusion of oxygen isotopes in plagioclase using a range of temperatures and grain sizes and the diffusion data of Elphick et al. (1988) for anorthite (Fig. 9) . We modeled the center retention time, which is the time at which the center of a crystal of a given radius begins to change composition (given by the time at which the dimensionless parameter Dt/a 2 is less than 0.03 where D is the diffusion coefficient, t is the time, and a is the grain radius, assuming spherical geometry, following, for example, Cherniak and Watson (2010) ). We also modeled the time to achieve 99 % equilibration of the center of a spherical grain with the surroundings, using analytical solutions to the diffusion equation (Equations 6.18 and 6.19 in Crank 1975) . These results therefore bracket the time of initial and final equilibration of the center of a grain of a given radius with its surrounding liquid.
The crystal populations studied here generally have widths (the limiting dimension for diffusion) of ~125-500 μm (Fig. 7) . Therefore, all but the largest crystals would be effectively modeled with grain radii of ~60-250 μm. Given this range of radii, center retention times would be decades to a few centuries at temperatures of 1000 °C, and times for 99 % equilibration at the center would be decades to a few thousand years (Fig. 9) . The oxygen isotope heterogeneity observed in replicate analyses of plagioclase from all size fractions of both of the analyzed samples suggests that the crystals preserve heterogeneity on the scale of 100 μm or smaller, and therefore suggest that these timescale estimates are upper limits. Furthermore, residence in a host liquid at higher temperatures would lead to faster diffusion (e.g., at 1200 °C, heterogeneity would be preserved for only years to a few decades) again suggesting that these storage time estimates are maxima.
Diffusion of oxygen can also be used to constrain the timescales of storage of crystals in the mush prior to incorporation into the host liquid. In this case, we assume temperatures of ~700-800 °C (corresponding to a range of possible mush temperatures). At these conditions, center retention times for oxygen in 100-μm-diameter grains are Page 15 of 19 54 thousands to tens of thousands of years, and 99 % equilibration times are tens of thousands to millions of years (Fig. 9) . Therefore, these grains could easily have retained a signature of initial oxygen isotope heterogeneity (or any heterogeneity introduced during storage as a mush) over the length of time that the plagioclase crystals existed (<~9 kyr). These results are also consistent with the preservation of Ba heterogeneity within the crystals, as Ba diffusion rates are orders of magnitude slower than oxygen in feldspar (e.g., Cherniak 2010).
In summary, the U-series data require that the plagioclase crystals studied here formed a maximum of ~8-9 kyr before the present (on average), and at least some parts of the crystal populations likely crystallized much more recently. Of that total time, the preservation of oxygen isotope heterogeneity within and between crystals requires that the crystals spent a relatively short time in contact with their host liquids at high temperature; decades to centuries at storage temperatures of ~1000 °C, and years to decades with storage temperatures above 1200-1250 °C. However, the oxygen isotope heterogeneity observed could easily have been preserved for timescales exceeding the maximum crystallization ages at temperatures expected in a crystal mush (<700-800 °C).
Implications for magmatic processes
Our results indicate that the macroscopic crystals in Krafla lavas originated as part of a young (likely less than a few thousand years old) crystal mush, and that they were entrained into the host liquids during magma ascent within decades to at most a few centuries prior to eruption. This in turn suggests a dynamic relationship between crystal mush within the crust and ascending magmas. Although mush zones could exist throughout the crustal column, the incorporation of chemically distinct crystal populations into the two magmas which were erupted only a few kilometers apart, together with the consistent distinction in major-element composition of magmas erupted at the north and south ends of the fissure system over the course of the eruption ) seems easiest to reconcile with storage of the analyzed crystals within a shallow crustal mush zone. The heterogeneity within crystals and between crystals within each sample also indicates that the mush zone from which the crystals were sourced is highly compositionally heterogeneous. Oxygen isotope heterogeneity within the crystal populations, in particular, suggests that magmas crystallizing plagioclase in localized areas of an upper-crustal magma mush were subject to variable amounts of assimilation of hydrothermally altered material prior to plagioclase crystallization, and that subsequent magmas passing through the system followed pathways that intersected chemically diverse regions of the mush.
These conclusions are consistent with recent work showing that variable amounts of previously existing crystalline material have been incorporated into the magma system at Laki (Bindeman et al. 2006 (Bindeman et al. , 2012 Gurenko and Sobolev 2006; Neave et al. 2013; Passmore et al. 2012; Thomson and Maclennan 2013) , and with evidence for variable amounts of incorporation of a middle-to lower crustal mush into the Laki lavas (Neave et al. 2013) . Furthermore, the importance of mixing of multiple components of crystals within the lower Icelandic crust has also been documented (MacLennan 2008a (MacLennan , 2008b . Maclennan (2008a) showed melt inclusion evidence for the incorporation of olivine crystals into Icelandic magmas during mixing and cooling of multiple magma batches. In addition, Maclennan Elphick et al. (1988) for anorthite. Curves are shown for a range of temperatures from those relevant to storage of crystals in a mush to those relevant for entrainment of crystals in a mafic host melt. Gray shaded regions indicate the range of grain radii corresponding to the different crystal populations studied here. See text for further discussion (2008b) showed Pb isotopic variations in olivine-hosted melt inclusions, indicating that there was mixing of melts and crystals within the lower crust that were derived from an isotopically diverse source region.
Collectively, our work supports other recent studies in suggesting a model where erupted Icelandic magmas are the result of interaction of diverse magmas entering the crust, followed by complex interactions between melts and previously crystallized material at all crustal levels. The mantle beneath Iceland has been shown to be heterogeneous on a short length scale (e.g., Koornneef et al. 2012b; Sims et al. 2013a) , and the observed isotopic and chemical heterogeneity can be modeled as a function of the fusibility of these different mantle lithologies during glacially modulated melting (Sims et al. 2013b) . Furthermore, it appears that the heterogeneous melts contributing to the Icelandic crustal reservoir at multiple depths are recorded in some form in the crystal records in erupted lavas. Moreover, our data indicate that this recycling of material happens at multiple timescales, where crystallized material can be stored for short times (in our case, significantly less than ~9 kyr) prior to re-entrainment and that eruption follows entrainment by only decades to centuries, but that all of these timescales are rapid compared to the duration of volcanic activity in a given part of the Icelandic rift system.
Thus, it appears that Icelandic basalts and basaltic lavas in general (cf. continental rift basalts: Sims et al. (2007) ; MORB : Zellmer et al., (2011) ) are likely to be generated by processes that are very similar to the processes of recharge and recycling of material that have been shown to be important in other tectonic settings and for more evolved lavas in arcs [e.g., Mount St. Helens, Cashman and Blundy (2013) ] and continental rift settings [e.g., Mt Erebus (Sims et al. 2013a) ], but that the evidence for these processes is simply more subtle in basaltic systems than in arc and rift lavas where compositional distinctions may be greater. Furthermore, the timescales of crystallization, storage within a mush or near-solidus body, and recycling of crystal material are short relative to the duration of magmatic activity at a given volcanic center. These crystals thus provide an important window into sub-volcanic magmatic processes at both basaltic and intermediate systems.
Conclusions
1. Analysis of oxygen isotopes, major-and trace-element compositions, and U-series disequilibria in plagioclase crystals from samples of the Krafla Fires eruption at Krafla documents the presence of multiple crystal populations within a single eruption, and even within a single hand sample.
2. The chemical and isotopic heterogeneity indicates that these crystals have distinct origins and were derived from multiple sources. The trace-element concentrations and 230 Ra disequilibria suggest that at least some of these crystals formed from evolved liquids and the oxygen isotope variability indicates variable degrees of interaction of the source liquids with hydrothermally altered material. The most likely scenario is that the crystals were sourced from a heterogeneous mush zone. 3. Timescales of storage, evolution of melt within the presumed mush, and interaction with low-δ 18 O material are all short, and in particular there can have been very little time between incorporation into host and eruption compared to the overall time of storage. 4. These observations, in conjunction with previous work, document a pattern whereby macroscopic crystals in basaltic magmas, like those in intermediate arc systems, originate within the crustal reservoir system and in general are not simply products of crystallization from the host liquid. They therefore represent an important archive of information about processes within the sub-volcanic storage system.
